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PREFACE 

The work reported herein was conducted by the Arnold Engineering Development 
Center (AEDC), Air Force Systems Command (AFSC), under Program Element 65807F. 
The results of the research were obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel 
and Associates, Inc.), contract operator of AEDC, AFSC, Arnold Air Force Station, 
Tennessee. The research associated with the development of the technique was conducted 
under ARO Project Number P32A-33A. Testing was conducted January 20-21, 1975, under 
ARO Project Number P41T-78A. The author of this report was R. W. Butler, ARO, Inc. 
The manuscript (ARO Control No. ARO-PWT-TR-75-80) was submitted for publication 
on June 17, 1975. 
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1.0 INTRODUCTION 

When an aircraft experiences an external configuration change (addition of stores 

or airframe modification), the aerodynamic data matrix used to describe the aircraft in 

analytical motion simulation is often invalidated. In the past. the aerodynamicist has 
modified the original data matrix to account for configuration changes either empirically 
or by acquiring new aerodynamic data from additional wind tunnel tests (or by both 
means). Data changes occurring from the addition of external stores are normally defined 
empirically (Refs. 1 and 2) when the aircraft is operating in a cruise condition at low 
angles of attack. In high angle-of-attack maneuvering flight, characteristic of fighter[bomber 
aircraft, the added complexity in flow patterns associated with aircraft external store 
installations often renders the empirical correction methods unsatisfactory; therefore, the 
remaining alternative is additional wind tunnel testing. However, most fighter/bomber 
aircraft possess the capability of carrying numerous external store combinations. To 
generate data matrices for each configuration soon becomes unrealistic. An alternate 

approach for investigating an aircraft motion sensitivity to external configuration changes 
is through captive wind tunnel testing. Captive testing has been used successfully by the 
Royal Aircraft Establishment (RAE) for investigating the lateral/directional stability 
characteristics of aircraft (Ref. 3). A pilot test (Ref. 4) conducted in the AEDC 
Aerodynamic Wind Tunnel (4T) investigated captive testing as a tool for defining aircraft 
departure characteristics. Because of the success of these tests, the possibility of conducting 

aircraft motion analysis studies in the AEDC Propulsion Wind Tunnel (16T) with captive 
testing becomes attractive. 

The captive testing technique utilizes a closed-loop system and a digital computer. 
The wind tunnel serves as a function generator for the aerodynamic static forces and 
moments. These data, along with wind tunnel operating conditions, model mass properties, 
dynamic stability derivatives, engine thrust, and model angular positions, are used in an 
online digital computer which solves the Euler equations of motion for the vehicle. Based 
on solutions to the equations, the model is repositioned and new aerodynamic coefficients 
acquired. Through such a cyclic process, an aircraft maneuver may be generated without 
acquiring a full matrix of aerodynamic force and moment data. It should be noted that 
control surface interactions (rudder and elevator) and Math number variations can be fully 
simulated in captive testing. 

To establish captive testing as a useful technique for conducting aircraft motion 
analysis studies in Tunnel 16T. tests were conducted using a 1/20-scale F-15 aircraft model 
for comparison with the NASA 3/8-scale F-15 Remotely Piloted Vehicle (RPV) flight 
motion. The motion was simulated in both longitudinal and lateral/directional planes. In 

addition, motion was generated rep~sentative ot ~ the laterai/directional flight -characteristics 

of a full-scale F-15 fighter aircraft with two different external store configurations. 

5 
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2.0 APPARATUS 

2.1 WIND TUNNEL AND TEST CONDITIONS 

The Propulsion Wind Tunnel (16T) is a variable-density, continuous flow wind tunnel 

capable of being operated at Mach numbers from 0.20 to 1.60. The test section is 16 

by 16 ft in cross section and 40 ft long. The tunnel can be operated within a stagnation 

pressure range from 120 to 3,800 psfa, depending on Mach number. 

The tests were conducted at Mach numbers from 0.15 to 0.50. Reynolds number 
based on the wing mean aerodynamic chord ranged from 1.3 x 106 to 2.4 x 106. The 

sting support used for positioning the model is capable of  pitching from -4 to 45 deg 

and rolling -+ 180 deg. The model cross section at an angle of attack of 90 deg is one 

percent. Thus, because of  the low blockage and low Mach numbers of  the test, no wind 

tunnel blockage corrections are required. Flow angularity corrections were applied as 

a function of  Mach number and model vertical position from the tunnel centerline. 

2.2 MODEL DESCRIPTION 

The wind tunnel data presented herein were obtained with a 1/20-scale model of  the 

F-15 fighter aircraft shown in Fig. 1. The model installed in the test section is shown 
in Fig. 2. The two horizontal stabilizer configurations shown in Fig. 3 were used during 

testing. The stabilizers were moveable and remotely controlled with either differential or 
simultaneous deflections. Stabilizer deflections were from 5 deg trailing edge down to 
-25 deg up. 
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Figure 2. 1/20-scale model in the Tunnel 16T test section. 
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Model engine inlets were in the drooped configuration, nose down, representative 

of the high angle-of-attack flight configuration. The inlets were plugged just inside the 
inlet tip, by a flat plate normal to the duct, simulating the NASA 3/8-scale F-15 inlet 
configuration. 

The aircraft model was tested with two different external store configurations. The 
first configuration consisted of eighteen MK-82 bombs mounted on three multiple ejection 

racks (MER) located at the aircraft centerline and inboard pylon stations. The bombs, 
MER, and pylon assembly are shown in Fig. 4. The configuration is shown installed in 
the wind tunnel in Fig. 5. The second configuration consisted of two 600-gal tanks and 
pylons mounted on the inboard pylon stations. The model centerline station was empty. 
The 600-gal tank/pylon assembly is shown in Fig. 6. 

A description of the NASA 3/8-scale F-15 model used to acquire the flight data 
presented herein is given in Ref. 5. 
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Figure 4. MK-82 bomb assembly. 
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Figure 5. MK-82 bomb configuration. 
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3.0 PROCEDURE 

3.1 DATA ACQUISITION 

Captive testing is accomplished through a closed-loop system consisting of the model 
balance, model support system, and digital computer shown in Fig. 7. The test article 
is installed in the wind tunnel on a six-component internal strain-gage balance. The model 
and balance are supported by a high pitch/roll positioning system. 

l OlGIT 
HAl 
NV 

O 
" ~ - - ~  CONTROLLER I 

FEEONACN 

,L-,o-I I °O,,UTER 
.0, I ' ~ I , C  , ° , .  0" "RTEN MOTION 

I INPUT PARAMETERS 
I. AtC DYNAMIC CHARACTERISTICS 
E. AID THRUST CHARACTERISTICS 
S. CONTROL DEFLECTION SCHEDULE 

COMPONENTS LOCATED 
INIIIOE TUNNEL 

I AID MODE .~'- STATIC ~EAOOYNAMIC 
Iw__J POSITICIN- ' I e~. ~ FORCES eRd MOMENTS 
i ,  .-*'°''oR ~ I " L " C "  E_-ii 

" . . . .  t . . . . . . . .  ; - ]  . . . .  : : : - - -  
I - .o,- , , - I  

OlIITAL | 

Figure 7. Captive installation and a block diagram of the 
computer control loop. 

The model is initially positioned at some angle of attack and sideslip. Depending 

on the nature of the maneuver to be generated, the model forces and moments are measured 
and input to an online digital computer. The measured aerodynamic data, along with the 
wind tunnel operating conditions, model mass characteristics, control deflection schedules, 
dynamic stability derivatives, thrust characteristics, and model angular positions, are used 
in solving the Euler equations of motion presented in Appendix A. The computed solutions 

are used in controlling the orientation of the model through a point prediction technique 
(Ref. 6). The technique involves using the last two successive measured values of each 

static aerodynamic coefficient to predict the magnitude of the coefficient over the next 

10 
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prediction interval. The prediction interval used in the subject test was 0.08 sec. The 

predicted coefficients are used to calculate the new model angle of  attack and sideslip 

by integrating the equations of motion every 0.005 see over the prediction interval. The 

system is then commanded to move the model to the new angular positions, and the 

aerod.ynamic loads are measured. If the new measurements agree with the predicted values, 

the" process is continued over another prediction interval of  the same magnitude. If the 
measured and predicted values do not agree within the specified precision, the calculations 

are repeated over a prediction interval one-half the previous value. This process is repeated 

until a complete maneuver has been obtained. 

The aircraft Math number is calculated at each prediction interval, and the wind 

tunnel Math number is adjusted to within -+0.003 of  the calculated value. Thus, the 

aerodynamic coefficients are measured at the correct Math number throughout the 

maneuver. Also, the aircraft thrust is calculated and modified with each prediction interval 

by mathematically modeling the simulated aircraft engine/inlet installed thrust as a function 

of  Mach number, altitude, angle of  attack, and sideslip. 

The generated maneuver is a function of the control surface deflection schedule. For 

the subject test, the deflection schedules were input as functions of  flight time, t. 

3.2 PRECISION OF DATA 

Maneuvers generated utilizing the captive technique are subject to error from several 

sources including tunnel conditions, balance measurements, extrapolation tolerances 

allowed in the predicted coefficients, and the angle positioning system. Math number was 

measured to within +-0.003 of  the true value. Maximum error in the model positioning 

system was 0.1 deg for angular settings in alpha and beta. The maximum error in the 

position data (~b, 0, and ~) caused by balance inaccuracies and coefficient prediction 
tolerances is estimated to be less than 1 deg. 

4.0 RESULTS AND DISCUSSION 

4.1 GENERAL 

At the onset of the captive testing development program, a goal was established to 

match captive aircraft motion generated in the wind tunnel with flight motion. Because 

of  the availability of existing wind tunnel models, availability of  flight data, and 

minimization of  Reynolds number mismatch, the NASA Edwards RPV flight program was 

selected for data correlation purposes. The NASA RPV is a 3/8 of  full scale free-flight 

model of the F-15 aircraft. A description of  the model is given in Ref. 5. The model 

is launched at high altitude (approximately 45,000 It) from a B-52 parent aircraft. During 

11 
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the model free fall, a series of maneuvers is performed encompassing the aircraft flight 

envelope. Time history of the model motion is recorded throughout the flight. 

Although an enormous amount of RPV flight data were available prior to the wind 
tunnel test, only a limited portion could be utilized for data correlation because of two 
constraints. First, the RPV possessed a full array of remotely operated control surfaces: 
rudder, aileron, and differentially operated horizontal stabilizers. Because of control 
limitations on the 1/20-scale wind tunnel model, only flight maneuvers with no rudder 
and aileron movement could be compared directly with the wind tunnel data; thus a large 
portion of the RPV maneuvers were eliminated from consideration. The second constraint 
originated from the fact that the RPV could be flown via any one of four flight control 
systems. However, only one of these modes could be simulated with the 1/20-scale model, 

i.e., the computer direct mode, which provided the RPV with unaugmented proportional 
control. Therefore, candidate maneuvers for wind tunnel data correlation were further 
reduced. 

The RPV mass characteristics used in generating the wind tunnel maneuvers are given 
in Table 1. The damping derivatives used in the motion simulation were acquired from 
separate wind tunnel tests and are presented in Fig. 8. Small discrepancies exist between 
the derivatives utilized and those extracted from RPV flight data (Ref. 5). However, the 
confidence level of  the RPV data in areas where the discrepancies occurred (higher angle 

of attack) was not considered great enough to merit changing the wind tunnel predicted 
values. The wind tunnel time required for generating the captive motion is approximately 

2 rain of tunnel time per second of flight time. This data acquisition rate will be improved 
significantly with the installation of new computing facilities. 

Table 1. Characterisdcs of the F-15 Aircraft Simulated 
in Captive Testing 

Height, 
C o n f i g u r a t i o n  11), 

NASA 3/8-Scale RPV 2,465 

Twin Tail Fighter, Clean 35,500 

Tw£n Tall Fighter, 
HI~-02 BOmbs 47,550 

Twin Tail Fighter, 
50O-gal Tanks 45,400 

~J, Ix, Z , Xi, Xxl t ~ 
p e r c e n t  c s l u g - f ,  2 a l u g ~ £ t 2  s l d g . f t  2 a l u g - £ t "  c ,  £ t  b ,  £ t  

26.0 275 1,902 2,228 12 5.98 16.0185 

26.0 28,600 155,500 178#400 -600 15.94 42.7060 

26.0 53,480 162m270 206,580 -165 15.94 42.70607 

26.0 55,573 162,350 211,140 -500 15.94 42.70607 

12 
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4.2 FLIGHT TEST-WIND TUNNEL DATA CORRELATION 

Captive/flight data correlation for RPV longitudinal and lateral/directional motion 
are shown in Figs. 9 and 10, respectively. Each of  these figures depicts three separate 
time history motions, one flight and two wind tunnel generated. The longitudinal maneuver 
(Fig. 9) was generated from a horizontal stabilizer (6h) doublet at a trimmed flight 
condition. The lateral/directional maneuver, Fig. 10, represents an aileron doublet obtained 

by differentially deflecting the model horizontal stabilizers (6])). The differential 
deflections occur about a nominal horizontal stabilizer setting (6h) o f -15 .8  deg. The flight 
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data were acquired with an "unnotched" horizontal stabilizer configuration (Fig. 3). Flight 
test results, Ref. 7, with both "notched" and unnotched horizontal stabilizers showed 
no measurable change in aircraft trim angle of attack with either stabilizer. Because of 
this,' the initial wind tunnel simulated motion was acquired with the 1/20-scale model 
utilizing an existing notched horizontal stabilizer. As seen in both the longitudinal and 
lateral/directional motion, the wind tunnel maneuvers with the notched stabilizer have 

motion frequencies near the flight data but show large deficiencies in amplitude. Also, 
the angle of attack at which the wind tunnel model trims for the lateral oscillations of 
Fig. 10 is approximately 4 to 6 deg lower than the RPV model for the nominal ~h setting 

of -15.8 deg. Because of these differences the wind tunnel model was also tested with 

an unnotched horizontal stabilizer. Figure 11 presents angle-of-attack trim polars for the 

wind tunnel model with each horizontal stabilizer configuration and the RPV model with 
the unnotched stabilizer. Excellent agreement between the RPV and wind tunnel data 

with the unnotched horizontal stabilizers is evident at the lower angles of attack. Reasons 

for the discrepancies occurring at angles of  attack above 22 deg are not known. The loss 
in taft effectiveness occurring at all angles with the wind tunnel model and the notched 
stabilizer may be attributed to the approximately 5.4 percent smaller planform area 

associated with the configuration. The reason this loss in planform area did not appreciably 
affect the RPV trim angle of attack reported in Ref. 7 was not investigated. 

With the unnotched horizontal stabilizer incorporated on the wind tunnel model, 

new longitudinal and lateral/directional maneuvers were generated (Figs. 9 and 10, 
respectively). The amplitude discrepancies between RPV and captive motion decreased 

in all motion plar/es. The remaining small deficiencies in amplitude continue to be the 
result of the less effective horizontal stabilizer of  the wind tunnel model at these high 

angles of attack as seen in Fig. 11. 

An additional longitudinal motion correlation between flight and wind 
tunnel-generated data is presented in Fig. 12. In order that the unpowered flight vehicle 
could maintain airspeed with the da/dt rates shown in Fig. 12, the maneuver was initiated 
at a pitch and bank attitude of -40 and 72 deg, respectively, resulting in a wind-up turn 
type of maneuver. The maneuver required the RPV pilot to use aileron deflections which 
were not duplicated in the captive test.. Fortunately, the aileron deflections were very 

small and the maneuver short (t < 8 see); therefore, the aileron effect was minimized. 
However, if any but the most simple of aircraft maneuvers are to be simulated accurately 

in captive testing, programmable deflections of all three primary control surfaces, elevator, 

rudder, and aileron, must be available in the model. 

Good agreement exists between the flight and captive longitudinal motion shown 

in Fig. 12. The small discrepancies between the angle of attack and pitch rate time histories 
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are related to the differences in the horizontal stabilizer effectiveness and the fact that 

the stabilizer deflection schedule (6h) was not simulated exactly in the wind tunnel model. 
Associated with the accelerated 8h schedule is a corresponding da/dt rate which results 
in a variation in RPV airspeed. The changes which occurred were simulated by adjusting 

tunnel airspeed within approximately -+5 kts of the flight value. Unrealistic deceleration 
rates not presented but experienced during checkout of the captive system verified that 
flight airspeed could be simulated under more severe "g" gradients without delay in data 
acquisition time. 

The lateral oscillations experienced by the RPV and shown in the roll rate (p) time 

history of Fig. 12 were not seen in the captive generated motion. Although small aileron 
deflections were used for maintaining roll rate in the initial portion of the flight maneuver 

(t ~ 2.5 see), the roll rate oscillations at higher angles of attack did not result from 
control deflections. The oscillations appear to have been excited by wing buffet experienced 

at high angles of attack, as noted in Ref. 7. Only steady-state forces and moments are 
measured in captive testing, therefore, any aircraft motion originating from unsteady 
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aerodynamic loads cannot be simulated. 
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To ascertain if the flight roll rate oscillation shown in Fig. 12 would have been 
achieved in the wind tunnel with the proper aerodynamic excitation, the captive motion 
shown in Fig. 13 was generated as follows. The wind tunnel model was initially trimmed 
longitudinally at 24 deg angle of attack and untrimmed directionally at 7 deg angle of 
sideslip. Because the maneuver was initiated in the untrimmed condition, a roll rate 
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oscillation was induced by the model effective dihedral (-CRy). The period of the roll rate 

oscillation (Fig. 13) compares well to that experienceci cluring the flight of the RPV (Fig. 
12). Both motions possessed periods of approximately 1.5 sec, indicating that a good 
possibility of correctly simulating the RPV lateral motion exists if the unsteady 
aerodynamics could be modeled. Thus, when conducting captive testing for aircraft with 

severe buffet problems, some means of simulating the unsteady aerodynamics should be 

incorporated into the captive program. 

4.3 CAPTIVE TESTING EVALUATION 

Aircraft flight characteristics may change drastically with the addition of external 

stores. Captive testing provides an accurate and efficient means of defining the changes 

without the generation of new aerodynamic data matrices and associated empirical 
prediction techniques. Examples of how aircraft flight characteristics may change with 

the addition of external stores and how these changes are defined with captive testing 

follow. 

Ideally, to demonstrate how external stores may affect aircraft flight characteristics, 
a specific program of flight maneuvers (both longitudinal and lateral/directional) should 
be generated with the aircraft in both the clean and external store configurations. Since 
the 1/20-scale F-15 model utilized did not possess the control functions necessary for 
conducting such a program, a more basic lateral/directional stability maneuver was used. 

The maneuver is identical to that described in the previous section, with the model initially 
positioned in a longitudinal trim and directional out-of-trim orientation. Analysis of the 
resulting dutch roll motion provides indications of how the aircraft lateral/directional flight 
characteristics may be influenced by the addition of specific external stores. 

The mass .characteristics simulated in the motion analysis are representative of the 
full-scale F-I 5 aircraft and are given in Table 1. Aircraft mass properties associated with 
the store configurations are approximate and should be considered only as representative 
of the actual values. The dynamic derivatives (used in the motion equations) were for 

the clean aircraft configuration as given in Fig. 8. The values of the dynamic derivatives 
were not changed for the different store configurations. Typical F-15 aircraft thrust 

characteristics as a function of Mach number, altitude, angle of attack, and angle of sideslip 

were included in the simulated maneuvers. 

The time history motion of Fig. 14 shows how the F-15 lateral/directional flight 
characteristics may be affected by the change in the aircraft static aerodynamics associated 

with the addition of MK-82 external stores. The longitudinal trim angles of attack at 

which the motion is initiated correspond to horizontal stabilizer deflections o f -5 ,  -15, 
and -25 deg. The motion simulation occurred at a Mach number of 0.44 and a simulated 
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altitude o f  30,000 ft. Two sets of  motion were generated using the clean aircraft 

configuration: one with mass characterisiics of  the clean aircraft, and one with the MK-82 

configuration mass eharactedstics. Thus, the contribution that the additional MK-82 mass 
has on the lateral/directional stability characteristics is assessed. By also acquiring data 

with the MK-82 store configuration "installed, changes resulting from the external stores 

influence on the aircraft static aerodynamics can be separated and assessed. A comparison 
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of the three sets of data in Fig. 14 shows that the static aerodynamic changes associated 
with the store loading have a significant effect on the aircraft motion period and damping. 
The period of the aircraft lateral motion along with the inverse time to damp to half 
amplitude ( I /T] /2)  has been calculated and is presented in Fig. 15 as a function of angle of 
attack. The aircraft lateral stability is not significantly affected by the external store loading 
at the lower angles of attack, below 15 deg. A similar conclusion was obtained from the 
F-4 external store analysis presented in Ref. I. However, at the higher angles of attack, 
above 1S deg, lateral stability is significantly changed as a result of the external stores' 
influence on the aircraft static aerodynamics. The damping parameter I/TI/2 approaches 
a negative value, indicating oscillatory divergence, at an angle of attack near 30 deg. (The 
divergence is predicted to occur at approximately 34 deg when calculated with the Cn~ 
dynamic parameter discussed in Refs. 8 and 9). The data clearly show that the influence 
of external stores on the aircraft static aerodynamics at high angles of attack must not 

be neglected. 
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Additional lateral/directional stability data presented in Fig. 16 were generated with 

two 600-gal fuel tanks on the wing inboard pylon stations. The data were generated in 
a manner identical to those presented for the MK-82 configuration in Fig. 14. It should 
be noted that the time history motions, shown in Fig. 16, were obtained only at the 
higher angles of attack corresponding to horizontal stabilizer deflections o f -15 , -20 ,  and 
-25 deg. Changing the clean F-15 mass characteristics to those of the 600-gal tank 

configuration without the corresponding aerodynamic changes resulted in a slight decrease 

in lateral stability and an increase in the motion period. These trends are identical to those 
shown in Fig. 14 for the change in mass characteristics from the clean aircraft configuration 
to the MK-82 configuration. Similarities in the two configurations are expected since the 
yaw/roll inertia ratios of  both the tank and bomb configurations are of near equal 

magnitude (see Table 1). The lateral/directional motion of the 600-gal tank configuration 
(Fig. 16) shows the fuel tank aerodynamics to have a greater influence on the aircraft 

stability characteristics than did the MK-82 bomb configuration. The aircraft dutch roll 
• motion is divergent with the 600-gal tanks at all angles of attack. The motion period 

increases with angle of attack until the dutch roll divergence observed at an angle of 

attack of approximately 20 deg (-15 deg stabilizer deflection) becomes a directional 
divergence at approximately 40 deg (-25 deg stabilizer deflection). The configuration also 

exhibits a longitudinal coupling in angle of attack not seen in the MK-82 bomb 

configuration. The coupling is aerodynamic since it was not observed in the clean 

configuration with the tanks mass properties. The time to damp to half amplitude and 
period were calculated and are presented in Fig. 17. It should be noted that the calculations 

of the lateral/directional motion presented arc only approximations, since the angles of 
attack (Fig. 16) at which the parameters (1/T1/2 and period) were calculated did not 
remain constant, and in most cases the motion was terminated before full oscillatory 
patterns developed. 

Data presented in Figs. 16 and 17 again indicate the importance, when conducting 
an aircraft motion study, of accurately accounting for changes that occur in aircraft static 
aerodynamics caused by the addition of external stores. To successfully account for these 
changes empirically with the complex flow patterns associated with external store 

installations at high anglos of attack is unlikely. To acquire new data matrices through 

conventional wind tunnel testing is unrealistic when several different configurations are 

involved. Captive testing provides the most efficient method of conducting aircraft motion 
studies for numerous different aircraft external configurations. 
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5.0 CONCLUDING REMARKS 

As a result of  the analysis of the captive test program, the following conclusions 
and observations are noted: 

. The wind tunnel time required for simulating aircraft motion with the 
captive technique is approximately 2 rain tunnel time per 1 sec of  flight 
time. The data acquisition rate will be improved significantly with the 
installation of  new computing facilities. 
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. A comparison of captive-generated motion with NASA 3/8-scale F-15 flight 

motion shows good agreement in all planes of motion at angles of attack 

up to the onset of severe wing buffet. 

. When captive testing is conducted for aircraft with severe buffet problems, 

a means of simulating unsteady aerodynamics should be incorporated into 

the captive program. 

. Changes in aircraft static aerodynamic characteristics resulting from the 

addition of  external stores must be accurately simulated to obtain correct 

high angle of attack motion information. 

. Captive testing should provide a direct simulation of Mach number and 
aerodynamic interference occurring with simultaneous control surface 
deflections although the latter were not utilized in the subject test because 
of wind tunnel model limitations. 
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APPENDIX A 
EQUATIONS OF MOTION 

The following equations were used in calculating the motion of the aircraft during 

captive testing. 

I) = Gx Rx lxz ly - Iz 
I-'--~ + ~ + ~ (~ + pq) + Ix qr 

Gy Ry Ixz lz - Ix 
q= I-'~ + ~ + "~y (r2 - p2) + Iv rp 

= Gz Rz Ixz Ix-Iy 
I--:- + ~ + "~z (~ " qr) + I-"-~ Pq 

= _x + __Tx + nlg - qw + rv 
m m 

= Y + n 2 g  - ru  + pw 
m 

= _z + __Tz + n 3 g  + q v -  p v  
m m 

The aerodynamic forces and moments used in the simulation were as follows: 

x = x(a, 8) 

v .  Sb 
= y(a, 8) + P - - - ~  (Cy,r + Cyst) Y 

z = z(a, 8) 

v. Sb 2 
o~ = G~(a, 8) + P - W - -  C%p + C~r + C£~) 

v .  S~  2 
G V = Gy(a, 8) + P ~  (Cmqq + CmaO,) 

4 

v .  Sb 2 
Gz = Gz(a, ~) + p ~  (Cn,r + CnpP + Cn~A~) 

where x(a, 8), y(u, 8), z(a, 8), Gx(a, 8), Oy(a, 8), and Gz(a, 8) are the aerodynamic static 
forces and moments generated in the wind tunnel. 
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A/C 

A/S 

b 

C£ 

C£p 

C~r 

Cm 

Cm q 

Cn a, dyn 

Cy 

Cy r 

NOMENCLATURE 

Aircraft 

Air speed, kts 

Wing span, ft 

Rolling-moment coefficient, Mx/q..Sb 

Static derivative or rolling moment due to sideslip, aC~/a~ 

Lateral acceleration derivative in roll, aC~/(a~b/2V ) 

Dynamic damping derivative in roll, aC~/(apb/2V ) 

Dynamic cross-derivative or rolling moment due to yawing, 
aC£/(arb/2V ) 

Pitching-moment coefficient, M~/q S~ 

Dynamic damping derivative in pitch, acre/(q-6/2V ) 

Longitudinal acceleration derivative in pitch, aCm/(a/tc'/2V ) 

Yawing-moment coefficient, Mz/q Sb 

Static derivative of yawing moment due to sideslip, aCn/a/~ 

Lateral acceleration derivative in yaw, aCn/(a/Jb/2V ) 

Dynamic cross-derivative of yawing moment due to rolling, 
acn/(apb/2V ) 

Dynamic damping derivative in yaw, aCn/(arb/2V ) 

Directional divergence parameter, Cnp " (Iz/Ix) C~ sin a 

Side force coefficient, Fy/q.S 

Lateral acceleration derivative in side force, aCy/(a~b/2V ) 

Dynamic derivative of side force due to yawing, aCy/(arb/2V ) 

Mean geometric chord, ft 
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cg 

Fy 

Gx ,Gy ,Gz 

H.S. 

Ix ,ly ,Iz 

Ixz 

Mx 

My 

Mz 

n l ,  112, 1'13 

p,q,r 

q~ 

Rx ,Ry ,Rz 

S 

Tx ,Tz 

TI/2 

t 

U,V,W 

v 

A E D C-T R-76-22 

Aircraft center of gravity 

Side force, lb 

Components of the aerodynamic moments about the XB, YB, and ZB 
axes, respectively, ft-lb 

Horizontal stabilizer 

Moments of inertia about XB, YB, and ZB axes, respectively, slug-ft 2 

Product of inertia, slug-ft 2 

Rolling moment, ft-lb 

Pitching moment, ft-lb 

Yawing moment, ft-lb 

Direction cosines of body axis relative to earth axis 

Aircraft roll, pitch, and yaw rates about the XB, YB, and ZB axes, 
respectively, deg/sec 

Dynamic pressure, lb/ft 2 

Moment contributions from engine thrust about the XB, YB, and Zs 
axes, respectively, ft-lb 

Wing area, ft 2 

Components of engine thrust along the XB and ZB axes, respectively, 
ft/sec 

Time required for the amplitude of oscillation to decrease by a factor 
of 2, sec 

Simulated flight time, sec 

Linear velocity components along the XB, YB, and ZB axes, 
respectively, ft/sec 

Free-stream velocity, (u 2 + v 2 + w2)l/2, ft/sec 

33 



A E D C-T R -76-22 

XB ,YB ,ZB 

X ,3/,Z 

~D 

8h 

0 

¢ 

NOTE: 

Right-hand body axis cartesian coordinates, X positive forward 

Components of the aerodynamic forces along the XB, YB, and ZB 
axes, respectively, Ib 

Angle of attack, tan -I w/u, deg or tad 

Angle of sideslip, sin -1 v /V,  deg or tad 

Differential stabilizer deflection, deg 

Horizontal stabilizer positions, deg, positive trailing edge down 

Simulated air density, slugs/ft 2 

A/C bank angle, deg 

Dot over symbol indicates derivative with respect to time. 
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